Small farmers in many tropical developing countries practice swidden agriculture. A key aspect of swidden agriculture is the time period during which the land is left fallow. This paper uses a new ecological-economic approach to study the fallow period and to determine the optimal length of this period in swidden agriculture. We first construct a theoretical model of a parcel of forest land that has been cleared for swidden agriculture. We then show how the dynamic and the stochastic properties of this cleared land can be used to derive two objective functions for a small farmer that are ecologically meaningful. Finally, using these two objectives, we discuss a probabilistic approach to the determination of the optimal length of the fallow period. In this approach, the focus of the small farmer is on maintaining the ecological and the economic sustainability of swidden agriculture on the cleared parcel of forest land (CPFL). Swidden agriculture is also known as slash-and-burn agriculture and as shifting cultivation. As such, in the rest of this paper, we shall use these three terms interchangeably.
Introduction
Small farmers in most tropical developing countries practice swidden agriculture. There are 4 five essential stages in the swidden cycle. First, large forest trees are cut down by the farmer, the 5 debris is cleared, and the cut growth is burned. The burning of the forest vegetation clears the ground for planting and releases essential nutrients. As the burned vegetation decays, the organic levels in the soil rise and this enhances the soil's fertility. Second, before rains cause soil erosion and before the ash bed can be blown or leached away, planting commences. This typically involves the dropping of seeds into shallow holes made by dibble sticks. Third, with the onset of the rainy season, regular precipitation leads to rapid plant growth. This rapid growth is occasionally accompanied by the simultaneous growth of weeds. These weeds are regularly removed by the farmer to prevent them from taking nutrients away from the crop under cultivation. Fourth, during the harvesting season, the farmer protects the crop from pests and (s)he often uses simple implements such as finger knives to harvest the grain. In the process of harvesting the grain, the farmer retains some of the best seeds for the next planting. Finally, and this is the crucial stage, the cleared parcel of forest land (hereafter CPFL) is left fallow after one or two harvests. Within a couple of years, a closed canopy of secondary forest develops. If the CPFL is left fallow for a sufficiently long period of time then nutrients will 6 For a more detailed corroboration of this claim, see Gleave (1996) , Hofstad (1997) , Silva-Forsberg and Fearnside (1997) , Swinkels et al. (1997) , Coomes et al. (2000) , Li et al. (2000) , Ekeleme et al. (2000) , and Udaeyo et al. (2001) , 4 revert back to the soil and this will permit the above described swidden cycle to be repeated.
Despite the salience of swidden agriculture in tropical developing countries, there is some controversy about the merits of this kind of agriculture. On the one hand, researchers such as Dove, Southgate (1990) , and Pearce and Warford (1993) have criticized this kind of agriculture. In particular, these researchers have pointed out that slash-and-burn agriculture is environmentally destructive because the land clearing activities of shifting cultivators is directly linked to massive and deleterious tropical forest deforestation. On the other hand, a second group of researchers including Peters and Neuenschwander (1988) and Dufour (1990) have claimed that under some circumstances, swidden agriculture based on long fallow periods can be an ecologically and an economically sustainable practice in tropical forests.
The viability of swidden agriculture in the long run depends crucially on the length of the fallow period; hence, this period must be chosen optimally. There is no dispute on this basic point and there is now a sizeable empirical and case study based literature on this point in particular and on the salience of the fallow period in general. However, beyond recognizing this basic point, researchers 6 have not explained theoretically how the length of the fallow period ought to be chosen by a small farmer. In addition to this, researchers have not studied the ways in which the choice of the fallow period length affects the ecology and the economics of the underlying CPFL.
Given this state of affairs, our paper has three goals. First, we construct a theoretical model of a parcel of forest land that has been cleared for swidden agriculture. This model accounts for the ecological and the economic aspects of the fallow period length choice problem. Next, we show how 0,1,2,3,...,
For instance, see the analysis in de Janvry et al. (1991) and Fafchamps (1992) . 8 Standard textbook accounts of semi-Markov processes can be found in Ross (1996, pp. 213-218; 2000, pp. 395-397) . Our discussion of semi-Markov processes and this section's model are based in part on Ross (1996, pp. 213-218; 2000, pp. 395-397). 5 the dynamic and the stochastic properties of this CPFL can be used to derive two objectives for a small farmer that are ecologically meaningful. A distinguishing feature of our approach is that these two objectives are very different from the objectives found in traditional economic (and not ecological-economic) analyses of small farmer behavior. Specifically, the two objectives of this paper 7 are probabilities that are derived from the dynamic and the stochastic properties of the CPFL. Finally, using these two objectives, we discuss a probabilistic approach to the determination of the optimal length of the fallow period in swidden agriculture. In this approach, the focus of a small farmer is on choosing the length of the fallow period so that slash-and-burn agriculture on the CPFL is ecologically and economically viable in the long run.
The rest of this paper is organized as follows: Section 2 presents a semi-Markov model of a CPFL and constructs two objectives for a small farmer practicing swidden agriculture. Section 3 uses these objectives and discusses two optimization problems that this small farmer might solve. Section 4 concludes and offers suggestions for future research on the fallow period and related issues in swidden agriculture.
A Model of a CPFL

Preliminaries
Following the recent suggestion in Perrings (1998) 
probability that it will next enter state is given by the transition probability Second, given In our modeling setup, the fallow period occurs after two harvesting seasons. In swidden agriculture, farmers typically cultivate a plot of land "for a few seasons, then move onto another plot, abandoning the first to regenerate naturally over a period often measured in decades" (Barrett, 1999, p. 162, emphasis added) . Although the precise number of seasons corresponding to few will depend on a number of factors, we're analyzing this three state model in order to keep the subsequent mathematical analysis tractable. The reader should note that at the cost of greater algebraic clutter, our analysis can be generalized to any finite number of harvesting seasons.
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Clearly, this latter possibility arises only if the CPFL must be fallowed after a single harvesting season.
7 small farmer's second harvest season on the CPFL under study. State 3 corresponds to the fallow period of the CPFL. In our modeling setup, the ecological condition of the CPFL in this state is delicate. In other words, if our CPFL is not left fallow after two harvest seasons then the subsequent growing of crops on this land will not be a viable prospect.
9
Let us now formalize these remarks. As a result of the small farmer's activities (planting, weeding, harvesting) and unpredictable ecological/environmental factors (droughts, lack of plant nutrients, unusually low soil moisture), our CPFL stays in state 1 for a mean length of time and then makes a transition either to state 2 with transition probability or to state 3 with transition probability When the CPFL is in state 2, once again because of the previously mentioned 10 reasons, this land will stay in state 2 for a mean length of time and then move to state 3 with transition probability When in state 3, all crop growing, weeding, and harvesting activities are terminated and the CPFL is left fallow. As a result of this fallowing, the CPFL vegetation gradually recovers and, depending on the length of the fallow period, the CPFL may grow back into a secondary forest. It is important to note that the rate of recovery in the fallow state depends not only on the nature of the small farmer's activities in states 1 and 2 but also on unpredictable ecological/environmental factors. What this means for our purpose is that the length of the fallow period is itself a random variable. Denote the mean length of the fallow period by Leaving the b 3 , P 31 , P 32 .
For additional details on the embedded Markov chain of a semi-Markov process, see the references cited in footnote 8.
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CPFL fallow for a specific time period does not guarantee that it will revert back to the ecologically healthiest state 1. Rare and unpredictable environmental events and farmer error in setting the length of the fallow period, either singly or collectively, may result in the CPFL recovering only to the intermediate state 2. To account for these features of the problem, we suppose that after the CPFL has been fallowed for a time period of mean length it returns either to state 1 with transition probability or to state 2 with transition probability We now use these dynamic and stochastic attributes of this CPFL and derive two objectives that our small farmer might optimize.
Two Small Farmer Objectives
The First Objective: An Unconditional Probability
To derive the first farmer objective, it will be necessary to compute the stationary probabilities for our three state CPFL. Formally, we are interested in computing for any state and for states In words, given that our CPFL is in state at time we want to compute the limiting probability, as time approaches infinity, that the CPFL will be in state
To perform this computation, let us denote the limiting probabilities of the embedded Markov chain of our CPFL by Now it is well known-see equation 7.23 in Ross (2000, p. 396)-that 11 these limiting probabilities satisfy (1) Consequently, using the transition probabilities of the CPFL and equation (1) .
9 required limiting probabilities. These are (2) To determine the stationary probabilities (the of the CPFL, we now use equation 7.24
in Ross (2000, p. 396) . This equation tells us that the satisfy (3) Equations (2) and (3) together give us the stationary probabilities that we are after. We get (4) and (5) In the context of this paper's ecological-economic approach to determining the optimal length of the fallow period, these stationary probabilities have a distinct ecological meaning. As discussed in Krebs (1985, p. 587) , Perrings (1998 ), Batabyal (1999 , and Batabyal and Beladi (1999) , these probabilities measure the asymptotic resilience of the CPFL in each of these three states.
Resilience is an ecological stability property and it refers to "the amount of disturbance that can be
10 sustained [by a CPFL] before a change in system control or structure occurs." (Holling et al., 1995, p. 50) . This means that we can think of the resilience of a CPFL as a long run measure of its wellbeing. Now, if we rank the three states from this well-being perspective, then it should be clear that our CPFL's well-being is highest in state 1 because in this state soil quality is high, minerals are plentiful, and the land is ripe for planting and subsequent harvesting. From a well-being perspective, state 2 is a middle-of-the-road state because minerals, nutrients, and soil quality in general are at an intermediate level. Finally, the CPFL is least well off in state 3 because in this state its ecological condition is delicate. This is also why the CPFL is fallowed in this state.
Recall that the small farmer leaves the CPFL fallow after two harvesting seasons. Further, the mean length of the fallow period is With these two remarks and the previous paragraph's discussion of the three states in mind, we can now discuss the first objective for our small farmer.
Ideally, this farmer would like to choose the expected length of the fallow period to maximize the long run probability of being in the ecologically most desirable state 1. However, calculus and equation (4) tell us that is convex in As such, it does not make sense to maximize over Given this state of affairs, we suppose that our small farmer chooses to minimize the long run probability of being in the intermediate state 2. Further, note that because these long run probabilities can also be interpreted as the long run proportion of time that the CPFL is in a particular state (see Ross (1996, pp. 213-218) and Ross (2000, pp. 395-397) ), by minimizing the long run proportion of time the CPFL spends in state 2, our small farmer is indirectly increasing the long run proportion of time that the CPFL spends in the ecologically most desirable state 1. Finally, because the long run probability of being in state 2 is the resilience of the CPFL in state 2 (see the definition in the previous paragraph), we can think of this minimization exercise as one that involves the concurrent 11 minimization of the CPFL's resilience in the intermediate state.
The reader should note that minimizing resilience does not mean that the small farmer is minimizing disturbance or usage of the CPFL. What it does mean is that in the face of shocks from ongoing farming activities and ecological/environmental factors (droughts, lack of plant nutrients, unusually low soil moisture), the small farmer is choosing the length of the fallow period to minimize the proportion of time that the CPFL spends in the intermediate state 2. This is the ecological side of the fallow period length choice problem.
In fragile environments of the sort that we're analyzing in this paper, it is very important to choose the length of the fallow period carefully. It is clear that if the fallow period is too short, then our CPFL will not have had enough time to revert to state 1. However, this does not mean that the manager should err on the side of caution and, ceteris paribus, make the fallow period very long.
With rising land and population pressures (see Southgate (1990) and Barrett (1999) ), if a small farmer chooses a very long fallow period, then (s)he also foregoes the profits from growing and harvesting crops. Put differently, the ecological and the economic aspects of the farmer's choice problem pull in opposite directions. Consequently, in choosing the length of the fallow period, our small farmer will want to account for this ecology versus economics tradeoff optimally.
Let us now focus on the economic side of the fallow period length choice problem in greater detail. Note that swidden agriculture gives rise to economic profits to our small farmer where profits equal the difference between total revenues and costs. First consider the revenue aspect. A well managed CPFL will provide our small farmer with a flow of consumptive (crops that (s)he consumes himself/herself) and monetary (crops that (s)he sells) benefits over time. On the cost side, it is necessary to account for the opportunity cost of the farmer's labor and other costs pertaining to the Ð .
S(t) t,
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growing, weeding, and harvesting of crops. Consequently, in determining the length of the fallow period, our small farmer will pay attention to the economic profits from crop growing activities. We suppose that in order to survive, the small farmer cannot let the economic profits associated with swidden agriculture fall below a certain minimum threshold. Denote this threshold by This tells us that the economic side of the small farmer's choice problem is given by a constraint on the economic profits to this farmer from the practice of swidden agriculture. This constraint is where In words, the constraint or profit function is decreasing in the length of the fallow period To see why this profit function is decreasing in the length of the fallow period, recall that this function measures the economic profit to our farmer from crop growing on the CPFL. Now, when this land is in the fallow state, it is recovering from two harvesting seasons. Consequently, during this time period, the CPFL is not being used for agriculture. This means that from a use perspective, the longer the fallow period, the lower the economic profits. This is why the profit function is decreasing in the length of the fallow period This completes the derivation of the first small farmer objective and our discussion of this farmer's minimization problem.
The Second Objective: A Conditional Probability
The second farmer objective also involves working with a probability, but now the focus of the small farmer is a little different. As in section 2.3.1, once again we shall take a long run view of the CPFL. In particular, suppose that at time the CPFL is in the fallow state 3. By choosing the length of the fallow period the small farmer can affect the state into which the CPFL will next make a transition. Ideally, the farmer would like this next state to be the ecologically healthiest state, 
Prob{S(t)'2/z(t)'3} lim t64 Prob{S(t)'2/z(t)'3}'lim t64 Prob{S(t)'2,z(t)'3} Prob{z(t)'3}
.
13 can determine the long run conditional probability that the next state visited after is 1, given that at time the CPFL is in state 3 and that the mean length of the fallow period is In other words, ideally, we would like to compute and maximize this long run probability.
However, it does not make much sense to maximize this probability because it can be shown that this probability too is convex in the length of the fallow period Consequently, we suppose that our small farmer minimizes over
There are two additional things to note here. First, the farmer's principal concern now is to minimize the likelihood of going to state 2, given that the CPFL is currently in the fallow state 3. The reader will note that given the long run proportion of time interpretation of these stationary probabilities, once again, our small farmer is attempting to indirectly increase the amount of time spent in the ecologically healthiest state 1. Second, unlike the probability derived in the previous subsection, is a conditional probability. We now compute this stationary conditional probability. Elementary probability theory tells us that (6) The joint probability in the numerator of the right hand side (RHS) of this equation can be simplified with the aid of Theorem 4.8.4 in Ross (1996, p. 217) . The probability in the denominator of the RHS of equation (7) is simply the stationary probability (see equation (5)) of finding the CPFL in state 3. With these simplifications, we get
14 Proposition 4.8.1 in Ross (1996, p. 214) can be used to further simplify the denominator on the RHS of equation (7). This gives (8) The RHS of equation (8) is the product of two terms. The first term is the probability of making a transition from state 3 to 2. The second term is the ratio of the integral of the tail distribution of the amount of time the CPFL spends in state 3 before making a transition to state 2 to the mean length of the fallow period in state 3. Following Perrings (1998), we can now give an ecological interpretation to this first term. This term is the transient or the short run resilience of the CPFL in the fallow state 3.
The small farmer's objective now is to choose to minimize the long run conditional probability in equation (8). This is the ecological side of the fallow period length choice problem. The economic side is similar to that in the previous sub-section. In order to survive, our farmer cannot let the economic profits from swidden agriculture fall below a certain minimum threshold. Denote this threshold by Then, as in the previous sub-section, the economic side of the farmer's problem is given by a constraint on the minimum acceptable level of profits from swidden agriculture. This constraint is where This completes the derivation of the second farmer objective and our discussion of the small farmer's optimization problem. We now analyze these optimization problems and then draw inferences for the fallow period length choice problem that is the subject of this paper.
min {b 3 $0}
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The Small Framer's Choice Problem With Ecological-Economic Criteria
Minimizing the Unconditional Probability
Recall from the discussion in section 2.3.1 that the first problem faced by our small farmer involves the minimization of an ecological criterion subject to an economic constraint. The ecological criterion is the resilience of the CPFL in the intermediate state 2 and the economic constraint says that the profits from swidden agriculture must not fall below a certain minimum threshold. Formally, our farmer solves (9) subject to (10) Now, without loss of generality, suppose that the solution to problem (9)-(10) yields an interior minimum at which the constraint binds. Then, omitting the complementary slackness conditions, the Kuhn-Tucker conditions for a minimum are (11) where is the multiplier on the profit constraint, and
On solving equations (11) and (12) simultaneously, we get the optimal length of the fallow period and the shadow value of the profit constraint The key condition here is equation (11). This first order necessary condition tells us that in choosing the length of the fallow period optimally, the small farmer will balance ecological and economic considerations. Specifically, will be chosen so that the marginal impact of the length of the fallow period on the probability of the CPFL being in state 2 (the LHS) is set equal to the product of the shadow value of the profit constraint and the marginal profit from choosing the fallow period length optimally (the RHS).
If the fallow period length is chosen in this way, then we can be fairly sure that the CPFL will be healthy in the long run. From an ecological perspective, this means that the resilience of the CPFL in the intermediate state 2 will be low. In economic terms, this means that the CPFL will provide our small farmer with a flow of profits or a flow of consumptive and non-consumptive net benefits in the long run.
Minimizing the Conditional Probability
Recall from section 2.3.2 that in this version of the fallow period length choice problem, the small farmer's principal goal is to choose the length of the fallow period so that the amount of time the CPFL spends in state 2 is small, given that this land is currently in the fallow state 3. Formally, the farmer solves As stated, this minimization problem is unwieldy. Therefore, to demonstrate our approach, we suppose that the amount of time that the CPFL spends in state 3 before making a transition to state 2 is exponentially distributed. Then, integrating the tail distribution function for an exponentially distributed random variable-see Jeffrey (1995, p. 248 )-and then evaluating this integral between the upper and the lower limits, we get (14) where is the parameter of the exponential distribution function. Using equation (14), our small farmer's minimization problem becomes (15) subject to equation (10). Now, as in the previous sub-section, suppose that the solution to problem (15)-(10) yields an interior minimum at which the constraint binds. Then, omitting the complementary slackness conditions, the Kuhn-Tucker conditions for a minimum are (16) equation (12), and is the multiplier on the profit constraint.
On solving equations (12) and (16) (s)he will choose the length of the fallow period so that the marginal impact of the fallow period length on the long run conditional probability of being in state 3 and then making a transition to state 2 (the LHS) is equal to the product of the shadow value of the profit constraint and the marginal profit from choosing the fallow period length optimally (the RHS).
If is chosen in this way, then one can be fairly sure that our CPFL will be sustainable in the long run. Once again, it is important to stress that in the context of this paper, sustainability has a dual meaning. From an ecological standpoint, sustainable means that in the long run, the CPFL will not be resilient in the intermediate state 2. From an economic standpoint, sustainable means that the CPFL will provide our small farmer with a flow of profits in the long run. We now discuss the salience and the policy implications of this paper's research in the next section.
Conclusions
We addressed three issues in this paper that, to the best of our knowledge, have not been addressed previously in the literature on swidden agriculture in developing countries. First, in section 2, we used the theory of semi-Markov processes to provide an ecological-economic characterization of a CPFL on which crops are grown and then the land is fallowed. Next, we used the dynamic and the stochastic properties of this CPFL to derive two objectives for a small farmer that are ecologically meaningful. Finally, in section 3, we used these two objectives to analyze two fallow period length choice problems from an ecological-economic perspective. In this perspective, the focus of our small farmer is on choosing the length of the fallow period so that the CPFL recovers to the ecologically 19 healthiest state 1 and profits from agriculture do not fall below a minimum threshold.
Five specific policy implications follow from this paper's research. First, unlike many economics papers on the subject of swidden agriculture, our paper shows that the practice of successful slash-and-burn agriculture involves paying attention to both the ecology and the economics of the CPFL under consideration. Second, we have shown that by optimizing the long run objective functions of this paper, a small farmer will also be simultaneously optimizing the resilience of the appropriate states of the CPFL. Third, this paper has shown how a small farmer might choose the length of the fallow period optimally in an ecological-economic context. Fourth, from a practical perspective, this paper sheds light on the transition probabilities that will need to be estimated in order to set up the objective functions described in equations (9) and (15). In addition to this, the minimization exercises of sections 3.1 and 3.2 provide the small farmer with two different ways of selecting the length of the fallow period optimally. Finally, our research shows that the ecological and the economic aspects of swidden agriculture can be in conflict. This is particularly relevant in developing countries such as Brazil and Indonesia where the practice of swidden agriculture has often been blamed for causing massive tropical deforestation (see Myers (1994) and Rudel and Roper (1997) ).
The analysis contained in this paper can be extended in a number of different directions. In what follows, we suggest three avenues for empirical research on the subject of swidden agriculture.
First, it would be useful to ascertain whether extant econometric techniques can be used to estimate the transition probabilities of the CPFL under study. Second, given a specific swidden system, knowledge of the amount of time a CPFL spends in a particular state would be helpful in setting up the objective functions discussed in this paper. Finally, our analysis of the two minimization problems 20 in section 3 is based on the assumption that the small farmer's profit function is decreasing in the length of the fallow period. Although this seems reasonable from a theoretical standpoint, it would be useful to conduct empirical research to determine whether this assumption is justified. Studies of the fallow period that incorporate these aspects of the problem into the analysis will provide additional insights into the nexuses between the length of the fallow period and the successful practice of swidden agriculture.
